
FU
LL

 P
A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4788 wileyonlinelibrary.com

 However, fragile inorganic piezoelectric 
materials, such as lead zirconate titanate 
(PZT) [ 16 ]  and lead magnesio-niobate 
titanate (PMN-PT), [ 17 ]  contain the lead 
element, which carries potential health 
risks. The piezoelectric property of fl exible 
organic piezoelectric materials, such as 
polyvinylidene fl uoride (PVDF), [ 18 ]  is not 
excellent enough for practical applications. 
Traditional fl exible triboelectric generators 
and electrostatic generators go against to 
assemble with human body well. [ 20–25 ]  
Though, single electrode triboelectric gen-
erators are proposed to address the issue 
signifi cantly, the exposed residual charges 
of generators are easy to lose. [ 26,27 ]  Conse-
quently, new strategy should be proposed 

to develop other kind of fl exible generators to sustainably power 
the wearable electronic systems. Cellular polypropylene piezo-
electret, which is fl exible, light-weight, inexpensive, and has the 
similar property with traditional piezoelectric materials, [ 28–30 ]  
was fi rst proposed by Kari Kirjavainen and co-workers in 
1990. [ 31 ]  In the past 25 years, cellular polypropylene has been 
applied in many transducer applications, like loudspeakers and 
energy harvesters, because of its rather small specifi c acoustic 
impedance and relative high piezoelectric coeffi cient ( d  33 ). [ 32–35 ]  

 Herein, we present a new type of fl exible generator based 
on cellular polypropylene piezoelectret. By virtue of the out-
standing mechanical property and high  d  33 , the simple-struc-
tured cellular polypropylene piezoelectret fl exible generator 
(CPPFG) can effi ciently transfer the mechanical energy into 
electrical power and possesses long-term stable output perfor-
mance, reaching the peak power density of ≈52.8 mW m −2 . 
For wearable and human interactive applications, self-powered 
human body biological signals detecting sensors that can sen-
sitively measure the coughing action and arterial pulses were 
demonstrated, indicating the potential application in healthy 
monitoring. This study develops a new and effi cient path for 
human body energy harvesting and interactive sensing.  

  2.     Results and Discussion 

 The fabrication process began with the low-cost and easy-gotten 
biaxially oriented multilayer polypropylene fi lm (Treofan fi lm 
EUH75). The detailed process is schematically provided in 
 Figure    1  a. The multilayer polypropylene fi lm was fi rst put into 
a chamber with the chamber pressure of 2 MPa and tempera-
ture of 100 °C for 3 h, following by a quick defl ation process. 
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  1.     Introduction 

 Portable and wearable electronics, such as health/wellness 
monitors, body sensor networks, and artifi cial muscles, con-
tribute greatly to the development of human interactive applica-
tions. [ 1–11 ]  These products can expediently capture the human 
physiological or behavioral characteristics and protect people’s 
health, simultaneously have no harm or discomfort for people. 
For example, monitoring the body temperature and blood pres-
sure of people can help them fi nd the sign of getting sick, [ 6 ]  cap-
turing the body motions is benefi cial for the sport training. [ 8 ]  
However, a key constraint of the rapid development of wear-
able electronics lies in their dependence on external sources, 
like battery or supercapacitor which is demanded to be charged 
before its exhaustion. [ 12–15 ]  Whereupon, building a self-powered 
system is becoming a vital step to boost the development of 
wearable human interactive system. Recently, the integration 
of wearable electronics with fl exible generators based on piezo-
electric or electrostatic effect may give a strategy to overcome 
power supply challenges. [ 2,3,16–23 ]  Those generators could also 
act as an active sensor except for the advantage in converting 
motion into electric signals. [ 19,21,22 ]  
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As a result, the thickness of polypropylene fi lm expands from 
original ≈75 µm to ≈150 µm, as shown in Figure  1 b,c. It can 
be seen in Figure  1 c that oval air bubbles with diameter of 
tens micrometer are formed, making the common multilayer 
polypropylene fi lm be the functional cellular polypropylene 
fi lm. Then, the expanded polypropylene fi lm was charged by 
applying a high voltage to it. Subsequently, magnetron sput-
tering system was used to metallize samples with sliver on both 
sides. The digital picture of the device is shown in Figure  1 d 
and the inset picture demonstrates the excellent fl exibility of 
the generator.  

 The detailed high voltage charging device is schemati-
cally indicated in Figure S1, Supporting Information. A high 
voltage of −16 kV was applied to the cellular polypropylene 
for 3 min, with the samples placed 5 cm below the corona 
needle. As a result, the air in the air bubbles is ionized and 
broken down, generating charges with opposite polarity on 
both sides of the air bubbles. Simultaneously, corresponding 
induced charges will form in the electrodes, as indicated in 
Figure  1 e. In the charged cellular polypropylene, all bub-
bles with charged internal surface work as electric dipole. 
The large number of bubbles yields amazingly high  d  33  
value. [ 28,30 ]  

 In our study, the  d  33  value of cellular polypropylene is 
signifi cantly affected by the detailed expansion conditions, 
including expansion temperature and chamber pressure. For 
a given expansion chamber pressure (2 MPa), the  d  33  value 
increased with the expansion temperature (Figure S2a, Sup-
porting Information). However, if the expansion temperature 

was over 100 °C, the samples would start to melt. On the other 
hand, the  d  33  value also increased by increasing the expansion 
chamber pressure under a constant expansion temperature 
(100 °C). Nevertheless, the  d  33  value increased slowly when 
the expansion chamber pressure was over 2 MPa (Figure S2b, 
Supporting Information). As a result, chamber pressure of 
2 MPa and temperature of 100 °C are selected as the optimized 
expansion condition. The  d  33  value of the original multilayer 
polypropylene was only 19 pC N −1  in average, but it was 
205 pC N −1  in average for the expanded cellular polypropylene, 
almost the same large as the commercial PZT, as shown in 
Table 1, Supporting Information. The remarkable stability of 
the cellular polypropylene is also proved. The  d  33  value for cel-
lular polypropylene which was placed for weeks almost kept 
at ≈200 pC N −1  (Figure  1 f). Simultaneously, the cellular poly-
propylene performs stability below 60 °C and has the repeat-
ability, as shown in Figure  1 g, but the  d  33  values quickly drop 
by raising the temperature over 60 °C (Figure S2c, Supporting 
Information). 

 The ideal and simplifi ed cellular polypropylene model is 
shown in Figure S3, Supporting Information. The cellular 
polypropylene fi lm can be simplifi ed as polypropylene-air-
polypropylene sandwich structure, in which there are  n  layers 
of air and  n+ 1 layers of polypropylene. After the high voltage 
charging process, the top and bottom surface of each air layer 
is charged with equal amounts of heterogeneous charge den-
sity − σ n   and  σ n   separately. Here we defi ne the electric fi eld  E  
direction from the bottom to the top as the positive direction. 
According to Gauss law, then for any layer  i  (1 ≤  i  ≤  n )
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 Figure 1.    Fabrication process and physical performance of a CPPFG. a) The schematic diagram illustrating the fabrication process. Cross-section view 
scanning electron microscope (SEM) images of the cellular polypropylene b) before and c) after expanding. d) Digital picture showing a CPPFG, inset 
indicates the fl exibility of the CPPFG. e) Schematic model of charge distribution in the cellular polypropylene. The  d  33  values for the samples f) placed 
for weeks and g) worked under different environment temperature from 30 to 60 °C.
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 where  ε  0  and  ε  are the dielectric constant of air and relative dielec-
tric constant of polypropylene, respectively.  E  1 i   and  E  2 i   represent 
the electric fi eld of corresponding layer  i . Combining Equations 
 ( 1)   and  ( 2)  , we can fi nd that  E  11  = … =  E  1 i   = … =  E  1 n  . According to 
Kirchhoff’s second law under the short-circuit condition
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air layer, respectively. To simplify the mathematical analysis, we 
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 where  D  1  and  D  2  are the total thickness of polypropylene and 
air layer, respectively:
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  Figure    2  a schematically indicates the power generating pro-
cess of a CPPFG. As shown in Figure  2 a-I, the charge density 
on the electrode  σ  0  is decided by the above equation, in the 
original state. When the CPPFG is pressed, the total thick-
ness of air layers  D  2  will be reduced, resulting in a decreasing 
of the charge density on the top and bottom electrodes. As a 
result, the current will fl ow from bottom electrode to the top 
electrode and an instantaneous positive current signal will 
be noticed, as shown in Figure  2 a-II. With the compression 
increased, the charge density on both electrodes will continu-
ally decrease until a new equilibrium is established, as illus-
trated in Figure  2 a-III. In the releasing process, the generator 
will return back to its original shape and the total thickness of 
air layers  D  2  increases. The charge density on both electrodes 
will also increase, leading to current fl owing back from top 
electrode to the bottom electrode and an instantaneous negative 
current signal will be noticed, as shown in Figure  2 a-IV.  

 In general, the variation of charge density on CPPFG elec-
trodes will lead to alternating currents through the external 
circuit, which is shown in Figure  2 b. Switching polarity tests 
were also carried out to confi rm that the measured output sig-
nals are generated from the generator rather than from the 
measurement system (Figure  2 c). To rule out the possible arti-
facts, the short circuit output current and open circuit output 
voltage for two CPPFG connected in parallel were measured 
and the results are shown in Figure  2 d,e. When two CPPFG 
were connected in the same direction, the total output current 
and voltage increased. When two CPPFG were connected in 
antiparallel, the total output current and voltage weakened. The 
results indicate that the output properties of the CPPFG satisfy 
linear superposition criterion in the basic circuit connections. 

 The electrical performances of a CPPFG were systematically 
studied by regularly stimulated by a linear motor. Specifi cally, a 
CPPFG, with effective area of 17.5 mm 2 , was fi xed and periodi-
cally pressed and released under different stimulated force and 
frequency, as shown in Figure S4, Supporting Information. 

 In order to fi nd out the peak power density, the output per-
formances under different external load were measured at a 

Adv. Funct. Mater. 2015, 25, 4788–4794

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    Working mechanism of a CPPFG. a) Schematic diagram indicates the working mechanism of a CPPFG when it is at (I) the original, (II) the 
pressing, (III) the equilibrium, and (IV) the releasing states, respectively. Short-circuit currents for the CPPFG when it is b) forward-connected and 
c) reverse-connected to the measurement system, respectively. d) Short-circuit currents and e) open-circuit voltages for two CPPFG when they are in 
parallel and reverse parallel connection, respectively.
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stimulated frequency of 5 Hz and force of 5 N, as indicated 
in  Figure    3  a. It can be seen that the load peak current density 
decreased, from ≈13.8 mA m −2  at 1 MΩ to ≈4.6 mA m −2  at 
100 MΩ, as the external load resistance increased step by step. 
According to the power defi nition:  P  =  I  2  R , a maximum output 
peak power density of ≈52.8 mW m −2  was obtained for a cor-
responding load of 40 MΩ. The stability of the output perfor-
mance of a CPPFG is excellent. In this work, the CPPFG was 
continuously hit for ≈10 500 cycles at a stimulated force of 5 N 
and frequency of 5 Hz. The outputs for different stimulated 
cycles are shown in Figure  3 b, indicating the ignorable varia-
tion. Meanwhile, no noticeable morphology degradation of the 
CPPFG after the long-term test was found from the SEM anal-
ysis (Figure S5, Supporting Information).  

 The load peak current density and the corresponding total 
amount integral transferred charges of a CPPFG increased 
approximately linearly as the stimulated force increasing, 
from ≈1.8 mA m −2  and ≈10.0 µC m −2  at 1 N to ≈8.5 mA m −2  
and ≈43.1 µC m −2  at 5 N, for a given frequency of 5 Hz 
and load resistance of 40 MΩ, as shown in Figure  3 c–e. On 
the other hand, for a constant stimulated force of 5 N and 

vibrational frequencies from 3 to 7 Hz, the load peak cur-
rent density increased step by step too, from ≈7.2 mA m −2  at 
3 Hz to ≈11.6 mA m −2  at 7 Hz (Figure  3 f). However, the total 
amount integral transferred charges kept almost the same, 
with the value of ≈41.0 µC m −2  (Figure  3 g,h). According to 
above results, increasing the stimulated force and frequency 
can lead to the larger peak current density, but the total 
amount integral transferred charges is only related to the 
stimulated force. 

 Inspired from the emergence of human personalized health-
care basing on wearable electronics, here we introduced human 
body biological signals detecting sensors based on the CPPFG 
to measure the vocal cords vibration and arterial pulses. As 
illustrated in  Figure    4  a, the sensor was fastened on a healthy 
young man neck, and then the current signals were gener-
ated by coughing through vocal cords vibration, as shown in 
Figure  4 b and Video 1. The enlarged view of the current signal 
generated by one coughing action is recorded in Figure  4 c. In 
order to validate the current signals truly generated from vocal 
cords vibration, the power spectrum of the current signal in 
Figure  4 c basing on fast Fourier transform (FFT) is presented 
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 Figure 3.    Performance of a CPPFG. a) Peak output currents and power density of a CPPFG with different external loads. b) Output current–time curves 
for ≈10 500 cycles continuous working of a CPPFG. c) Loading current–time curves, d) corresponding transferred charges–time curves and e) peak 
values for loading currents and transferred charges for a CPPFG stimulated at different force and a given frequency of 5 Hz. f) Loading current–time 
curves, g) corresponding transferred charges–time curves, and h) peak values for loading currents and transferred charges for a CPPFG stimulated at 
different frequencies under a given force of 5 N.
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in Figure  4 d, and the power spectrum density is normalized 
by mean square amplitude method (MSA). The result shows 
that frequency band in signal covers 250–400 Hz, which has 
the same frequency characteristics of healthy people coughing 
sound. [ 36,37 ]  Meanwhile, the power spectrum of a same-length 
signal without coughing indicates that the amplitude or energy 
of background noise is much smaller, which reveals the power 
spectrum of the coughing signal is not infl uenced by back-
ground noises.  

 On the other hand, the sensor was also fastened on the 
wrist to detect the arterial pulses of a young man, as shown in 
 Figure    5  a and Video 2. Figure  5 b represents the enlarged view 
of one cycle of the current signal. The waveform is composed of 
fi ve main parts, labeled as initially positive (A-wave), early nega-
tive (B-wave), reincreasing (C-wave), late redecreasing (D-wave), 
and diastolic positive (E-wave), clearly showing the details of a 
heartbeat. [ 38 ]  The heartbeat times of this man at ordinary state 
recorded by our sensor is ≈78 times min −1  (Figure  5 c), which 
is accorded with the normal times of healthy young mans, the 
number of 60 to 100 times min −1 . After this man having run 
for 5 min, his heartbeat times went up to ≈108 times min −1  
(Figure  5 d). Meanwhile, the sensor was also fastened on the 
arm where there was no arterial pulses, in order to exclude 
other interference signals. No obvious and regular current sig-
nals were recorded, as shown in Figure S6, Supporting Infor-
mation. According to above discussion, the human body biolog-
ical signals detecting sensors may have potential application in 
self-powered human healthy monitoring, paving a new devel-
oping way for self-powered wearable electronics.   

  3.     Conclusions 

 In conclusion, we introduce the unique, 
simple-structured, and effi cient human body 
energy harvesting and self-powered human 
interactive sensing systems based on the 
cellular polypropylene piezoelectret and 
electrostatic induction effect. The CPPFG 
showed stable and excellent output perfor-
mance, with maximum peak power density 
of ≈52.8 mW m −2 . Meanwhile, the detailed 
power generating mechanism was systemati-
cally explored. For wearable and health moni-
toring application, self-powered human body 
biological signals detecting sensors were 
proved, which could sensitively detect the 
coughing action and arterial pulses. The new 
way and process proposed in this study will 
help to instigate the development of wear-
able electronics, aiming for building the self-
powered healthy monitoring and interactive 
sensing systems.  

  4.     Experimental Section 
  Expansion of Cellular Polypropylene : The biaxially 

oriented multilayer cellular polypropylene fi lms 
(Treofan fi lm EUH75) were used as the raw 
material. These fi lms were fi rst cut into 6 × 6 cm 
samples. These samples were placed into the 

chamber afterwards and exposed to nitrogen gas at the gas pressure of 
2 MPa and temperature of 100 °C for 3 h to equalize the gas pressure 
between the cellular and the chamber. Then the gas pressure of the 
chamber was quickly defl ated to atmospheric pressure within 5 s 
and samples were taken from the chamber. During this process, the 
thickness of cellular polypropylene fi lms can be doubled from original 
≈75 to ≈150 µm. 

  Fabrication Process of CPPFG : The fabrication process began with 
the corona charging process. The charging system was made up of 
a negative high voltage DC power supply and a corona needle. When 
charging, samples were placed 5 cm below the corona needle and needle 
voltage was maintained at −16 kV for 3 min. Subsequently, magnetron 
sputtering system was used to metallize samples with sliver on both 
sides. 

  Measurement of d 33  Value : The piezoelectric coeffi cient  d  33  (C/N) 
quantifi es the change of the transferred charges when a vertical force 
is applied to the device. Its fi rst and second subscripts represent the 
direction of electric fi eld and applied force, respectively. In our test, our 
device was fi xed and stimulated at a frequency of 5 Hz and force of 5 N 
under the short-circuit condition. During this process, an instantaneous 
positive and negative current would be noticed in one period. Then we 
could calculate the transferred charges by integrating the positive or the 
negative current peak. The piezoelectric coeffi cient  d  33  can be calculated 
by the following equation

   /33d Q F=   (7) 

 where  Q  is the transferred charges and  F  is the applied vertical 
force. 

  Characterization : The morphology of samples is probed by a high-
resolution fi eld emission scanning electron microscope (FEI Nova 
NanoSEM 450). The voltage and current output of the samples are 
measured by KEITHLEY 6514 meter and a Stanford low-noise current 
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 Figure 4.    A human body biological signals detecting sensor to measure the coughing action. 
a) Digital picture of a sensing system. b) The current–time curves for the sensor caused by 
coughing. c) The enlarged view of the current signal generated by one coughing action. d) Fast 
Fourier transforms for the current signals and the base noise, respectively.
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preamplifi er (Model SR570), respectively. These data are acquired by NI 
PCI-6259. The corona polarization method is carried out with DW-N503-
4ACDE high voltage source.  
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